Extrapulmonary and, in particular, spinal tuberculosis (TB) constitutes a minor but significant part of the total TB incidence. In spite of this, almost no studies on the genetic diversity and drug resistance of Mycobacterium tuberculosis isolates from spinal TB patients have been published to date. Here, we report results of the first Russian and globally largest molecular study of M. tuberculosis isolates recovered from patients with tuberculous spondylitis (TBS). The majority of 107 isolates were assigned to the Beijing genotype (n ‫؍‬ 80); the other main families were T (n ‫؍‬ 11), Ural (n ‫؍‬ 7), and LAM (n ‫؍‬ 4). Multidrug resistance (MDR) was more frequently found among Beijing (90.5%) and, intriguingly, Ural (71.4%) isolates than other genotypes (5%; P < 0.001). The extremely drug-resistant (XDR) phenotype was exclusively found in the Beijing isolates (n ‫؍‬ 7). A notable prevalence of the rpoB531 and katG315 mutations in Beijing strains that were similarly high in both TBS (this study) and published pulmonary TB ( 
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E
xtrapulmonary tuberculosis (EPTB) remains a major health problem due to a significantly high rate of morbidity and mortality in both developing and developed countries and constitutes a significant part of the total TB incidence (1, 2) . In Russia, the rate of EPTB decreased from 9.4% in 1992 to 3.4% in 2011, and the EPTB incidence constituted 2.4/100,000 in 2011 (3, 4) . At the same time, the rate of tuberculous spondylitis (TBS) among all new EPTB cases increased in Russia from 23% in 2006 to 33% in 2010, which is higher than TB rate for of all other sites of the disease (3, 5) .
Tuberculous spondylitis constitutes about half of bone and joint TB cases and thus represents the most severe orthopedic disease, frequently leading to irreversible neurological disorders and disability and constituting a serious social and economic problem (6) (7) (8) . TBS is developed as a result of blood-born dissemination of Mycobacterium tuberculosis. Bacteriological diagnosis of bone and joint TB is a most challenging task, and findings of drug resistance in these isolates may be crucial for adequate management of such cases. Delayed initial diagnosis and confirmation (from 3 months to 10 years after onset of the disease) and the increasing incidence of the multidrug-resistant TBS with spondyloarthropathy in adults require improvement of the etiological diagnostics, taking into account biological and molecular properties of the pathogen (4, 6, 7) .
M. tuberculosis has a clonal population structure, and it has been demonstrated that not only its large genetic families but also their variants or subgenotypes may play a special role in the disease progression. Russian strain Beijing B0/W148, initially defined by IS6110-restriction fragment length polymorphism (RFLP) analysis (9) , presents a remarkable example of a successful clone highly associated with multidrug resistance (MDR) (10) . Correlating different typing schemes, 24-locus mycobacterial interspersed repetitive unit-variable-number tandem-repeat (MIRU-VNTR) type 100-32 makes a major component of the B0/W148 cluster in the European part of Russia (10) .
While genetic diversity of pulmonary TB strains has been the subject of many publications worldwide, M. tuberculosis isolates from spinal TB cases have been characterized in a very limited number of studies (6) (7) (8) 11 ). The present study aimed to assess the genetic diversity and drug susceptibility profiles of M. tuberculosis isolates from TBS patients in Russia. Along with being the first such study in Russia, the sample size makes it the largest study of this kind to date globally.
MATERIALS AND METHODS
M. tuberculosis strains and drug susceptibility testing. The existing system of providing surgical care in few specialized hospitals to patients with spinal TB in the Russian Federation was built in the middle of the 1970s.
Historically, about 60% of all patients with spinal TB from all regions in Russia are treated in the clinics of St. Petersburg Research Institute of Phthisiopulmonology. The mycobacteriology laboratory in this institute serves as a reference center for northwestern and northern Russia; additionally, the laboratory receives strains from other regions across Russia. The laboratory is externally quality assured by the Federal System for External Quality Assessment in Laboratory Medicine of Russian Federation.
This study enrolled all TBS-diagnosed adult patients admitted within the survey period from January 2008 to December 2011 at the clinics of bone and joint TB of the St. Petersburg Research Institute of Phthisiopulmonology. They came from different regions across Russia and could not be linked on the basis of standard epidemiological investigations. The patients were initially referred from local hospitals to the clinics of the St. Petersburg Research Institute of Phthisiopulmonology on the basis of clinical and X-ray examination. The histological and bacteriological (Loewenstein-Jensen culture) methods were used for final confirmation of the TBS diagnoses in the St. Petersburg clinics described above. In more detail, blind prospective microbiological analysis was performed on surgical material from spinal lytic lesion. Further, on the basis of pathomorphological investigation, a group of patients with infectious spinal lesion (n ϭ 359) was selected from the entire cohort of patients treated for tuberculous spondylitis.
Specimens (surgical material from lytic lesions: pus, granulation, and fragments of intervertebral disks and bones) from 144 patients were found culture positive and Ziehl-Neelsen (ZN) microscopy positive for the presence of M. tuberculosis. All 144 specimens were confirmed as M. tuberculosis by IS6110-based real-time PCR analysis using an Amplitub-RV diagnostic kit (Syntol, Russia) and iCycleriQ5 apparatus (Bio-Rad, USA Genotyping. DNA was extracted from bacterial cultures using a recommended method (12) . Of 144 M. tuberculosis isolates, 107 (74.3%) were available and/or had enough quality and quantity of extracted DNA for genotyping of all targeted loci. While this situation makes the sample both a convenience sample and a systematic sample, the long (4-year) time span of sampling, exhaustive enrollment of patients, good representation of regions across Russia, and, on the whole, high proportion (74.3%) of the isolates available for genotyping made the collection representative enough to get an adequate image of the molecular structure of the population of spinal M. tuberculosis in Russia.
DNA was used for M. tuberculosis species identification and detection of mutations in the katG315, inhA promoter, and oxyR-ahpC regions associated with isoniazid (INH) resistance and mutations in the rpoB rifampin resistance-determining region (RRDR; rpoB codons 507 to 533) associated with RIF resistance by using a TB-Biochip kit (Biochip-IMB, Moscow, Russia). In addition, some isolates with discrepant phenotype versus genotype results were externally retested using an improved expanded biochip assay (Egor Shitikov, Research Institute of Physical and Chemical Medicine, Moscow, Russia).
Genotyping was performed using spoligotyping, IS6110-RFLP typing, and 24-locus MIRU-VNTR typing as recommended (12) (13) (14) . The spoligotyping profiles were entered into Excel spreadsheets and compared with entries in SITVIT2, an international spoligotype database in Institut Pasteur de Guadeloupe, which is the most recent update of the published SITVIT_WEB database (15) . Genetic families and subtypes were assigned to the genotyping profiles using SITVIT_WEB. In addition, LAM family status was verified by testing LAM-specific single nucleotide polymorphism (SNP) Rv0129c 309GϾA (16, 17) since the specific population structure of this family in Russia makes the application of the spoligotypebased decision rules unreliable (17) .
The MIRU-VNTR data of the Beijing isolates were compared to the MIRU-VNTRplus database (http://www.miru-vntrplus.org) and a proprietary database of the Beijing genotype (18, 19) . The Beijing B0/W148 cluster was detected using a multiplex PCR assay (20) .
The MIRU-VNTRplus online tool was used to build the unweightedpair group method using average linkages (UPGMA) dendrogram of the MIRU-VNTR digital profiles. A cluster is usually defined based on the similarity or identity of genetic profiles (in cases in which high-resolution typing was done) and is assumed to have been the result of recent transmission. Here, all isolates were from patients without proven epidemiological links and coming from different regions across Russia, which is why this definition of a cluster should be regarded with caution, and the term "cluster" is used here solely to define genetically related strains without the implication of recent transmission. The objective of this study (and hence its methodology) was to reconstruct the population structure of the spinal TB isolates in Russia rather than to trace particular epidemiological links between patients.
The Hunter-Gaston index (HGI) was calculated at http://www.hpa -bioinformatics.org.uk/cgi-bin/DICI/DICI.pl and was used to evaluate the diversity of a marker/population. A 2-by-2 2 test was used to detect any significant difference between the two groups. Yates-corrected 2 and P values were calculated with a 95% confidence interval using EpiCalc 2000 version 1.02 software. Fisher's P value was calculated in the case of limited numbers (n Ͻ 10) of samples.
RESULTS
The mean age of 107 patients was 39.5 Ϯ 13.5 years. The patients included 71 males (age range, 18 to 73; mean age, 36 years) and 36 females (age range, 22 to 77; mean age, 46 years). Patients represented all macroregions ("federal districts") of Russia, although most of them came from the European northwestern (n ϭ 47) and European (n ϭ 83) parts of Russia as a whole (see Fig. S1 and data set S1 in the supplemental material).
Spoligotyping of 107 M. tuberculosis isolates from TBS patients revealed 19 variants, including 6 shared types (2 to 76 isolates) and 13 singletons (Table 1 ). The Beijing genotype (SIT1, SIT265, and SIT269) included 80 (75%) isolates. Three isolates created three new types in SITVIT_WEB and were assigned respective numbers SIT3783, SIT3784, and SIT3785 (Table 1) .
The isolates were assigned to the families following comparisons to both the SITVIT_WEB and the MIRU-VNTRplus online databases. Due to the uncertainty of the spoligotype-based decision rules for some of the families, the other family-specific molecular markers were also taken into consideration or directly tested. Based on the MIRU-VNTRplus decision rules, some Haarlem family isolates were redefined as members of the Ural family. SIT254 and SIT263 isolates defined as T in SITVIT were reassigned to the LAM family on the basis of detection of the LAMspecific SNP in Rv0129c.
To sum up, non-Beijing genotypes were represented by several families (T, Ural, LAM, Manu, Haarlem, and S) whereas the T superfamily (n ϭ 11) and Ural (n ϭ 7) families were the largest.
Drug resistance properties of the isolates were evaluated using phenotypic and genotypic tests. The latter concerned biochip analysis of gene mutations associated with RIF and INH resistance. Both (the method and the mutations) were previously shown to be specific and sensitive tools in Russian settings (21, 22) .
The mutation in rpoB531 was found most frequently among Beijing isolates (60 of 72 isolates with rpoB mutation) and was found in other genotypes as well, although in a lower number of samples (3 of 7 isolates with rpoB mutation) ( Table 2 ). Different mutations in other rpoB codons were found in single isolates. Five isolates (four of which were Beijing) showed a double or triple mutation in rpoB (four of them harbored the rpoB531 mutation); none represented a mix of different isolates, as confirmed by 24-locus VNTR typing.
Regarding INH resistance mutations, the katG315 mutation was the most frequent among Beijing isolates (n ϭ 71), whereas non-Beijing isolates were marked with equal and independent representation of katG315 mutations (n ϭ 7) and inhA mutations (n ϭ 5) ( Table 2 ). Finally, a comutation (katG315AGCϾACC and inhA-15CϾT) was identified in 12 Beijing and 3 non-Beijing isolates. No mutations in the oxyR-ahpC region were found.
Comparison of the results of phenotypic and genotypic analyses performed to detect RIF and INH drug resistance identified a number of discrepancies. First, 4 phenotypically resistant isolates had no mutation in either of the targeted genes; thus, their INH and/or RIF resistance may be mediated by a mutation in another gene target not covered by the biochip assay. Second, 6 isolates with drug resistance mutations were phenotypically reported as susceptible to RIF or INH or both; this was confirmed by retesting in a Bactec system. Their DNA samples were externally retested at the Research Institute of Physical and Chemical Medicine, and our initial genotypic results were confirmed. Of them, all 6 INHsusceptible isolates harbored the katG315 mutation. The 5 RIFsusceptible isolates included those with the rpoB531 mutation (n ϭ 3) and mutations in rpoB codons 511 and 533 (1 isolate each). Some rpoB mutations cause low-level resistance: indeed, mutations in rpoB codons 511 and 533 in isolates with low-level RIF resistance were previously reported in Germany (23) . Ultimately, these 6 isolates were excluded from further comparison of genotypes and families.
Analysis of the drug resistance properties across the families (Table 1 ; see also data set S1 in the supplemental material) showed that 20 (19.8%) of 101 isolates were susceptible to all tested drugs. MDR was found in 74 (73.3%) isolates (including 15 of 25 from HIV-positive patients). The MDR isolates mainly belonged to the Beijing genotype (90.5%), while the drug-susceptible subgroup was dominated by isolates of non-Beijing genotypes (80%). In other words, MDR was more prevalent among Beijing genotype isolates (67 of 74) than among the isolates of all other families pooled (7 of 27; P Ͻ 0.0001). However, it should be noted that a closer look at the particular non-Beijing families revealed that 5 of 7 Ural strains and 2 of 20 other strains were MDR (P ϭ 0.005; Table 1 ). These results were unbiased in terms of geographic region (patient origin). Analysis of phenotypic drug resistance to the second-line drugs permitted identification of 7 extremely drug-resistant (XDR) isolates; XDR was determined according to the WHO definition (24) . All XDR isolates belonged to the Beijing genotype.
Further analysis of the allelic diversity of the Beijing genotype isolates was performed using 24-locus MIRU-VNTR typing. Particular MIRU-VNTR loci showed different and variable levels of polymorphism. QUB26 and MIRU26 were the most heterogeneous (Hunter-Gaston discrimination index [HGDI] values, 0.68 and 0.51), while 11 loci were monomorphic ( Table  3) .
As a first step, the 12-locus MIRU-VNTR scheme was applied to the Beijing isolates. While this approach lacks discriminatory power and is not suitable for epidemiological typing, it is phylogenetically helpful to assign isolates to their subtypes according to the available large databases compiled since 2000. This differentiated 80 isolates into 9 variants; the largest groups were M2/MIT16 and M11/MIT17, which included 39 and 29 isolates, respectively. The global prevalence of these types according to our proprietary database is shown in Table S1 in the supplemental material.
Use of the complete 24-locus MIRU-VNTR scheme revealed 24 variants of the Beijing genotype (HGI ϭ 0.83), including 7 clusters (Fig. 1) . The largest clusters with digital profiles 244233352644425173353723 (code 100-32, MIRU-VNTRplus) and 244233352644425153353823 (code 94-32) included 23 and 18 isolates, respectively; the order of loci is clockwise. The largest 24-locus MIRU cluster, 100-32, included 29% of the Beijing strains, and 87% of them were MDR. Thirty (37.5%) of 80 Beijing genotype isolates belonged to the B0/W148 cluster defined by specific IS6110 insertion (20) . Correlating this information to that obtained by MIRU typing showed that 23 B0/W148 isolates belonged to 24-locus MIRU type 100-32, 4 were of type 1066-32, and others were unique types (Fig. 1) . Most (27 of 30) of the B0/W148 isolates were MDR, and only 2 were susceptible. The XDR phenotype was found in 3 isolates of the B0/W148 cluster and in 4 isolates of other Beijing variants.
A closer look at HIV coinfection across different patient/ strain genotypes showed no association: 21 of 80 Beijing isolates and 4 of 27 non-Beijing isolates were from HIV-positive patients (P ϭ 0.2). Further, the Beijing B0/W148 cluster showed a rate of HIV-positive patients similar to the rate seen with other Beijing variants: 7 (23.3%) of 30 versus 14 (28%) of 50. On the whole, the isolates from HIV-positive patients were evenly distributed across the dendrogram of the Beijing family (Fig. 1) .
Based on the diagnosis and site of disease, the patients were subdivided into two groups: (i) spinal TB only and (ii) concomitant spinal TB and pulmonary TB (here defined as "concomitant TB" solely for the purposes of discussion). These two groups were compared for distributions of the genotypes and drug resistance of the strains (Table 1 and Table 4 ; see also data set S1 in the supplemental material). The concomitant TB sample was dominated by the Beijing genotype more than the spinal TB sample: 50 (79.4%) of 63 versus 24 (63.2%) of 38 (P ϭ 0.07). Furthermore, Beijing strains in the concomitant TB group were almost always MDR/polydrug resistant (polyDR) compared to non-Beijing strains in the same group: 49 of 50 versus 6 of 13 (P ϭ 0.0005). In the case of the spinal TB group, the rate of MDR/polyDR among Beijing versus non-Beijing isolates was 19 of 24 versus 4 of 14 (P ϭ 0.0004). The rate of MDR/polyDR was higher in concomitant TB isolates than in spinal TB isolates (55/63 versus 24/38, P ϭ 0.006), and this increase was mainly due to MDR Beijing genotype strains (Table 4). For the Beijing group, the MDR rate was significantly higher in concomitant TB isolates than in spinal TB isolates (49/50 versus 193/24, P ϭ 0.02). For the non-Beijing group, this was not the case, since the MDR rates determined for those isolates did not differ between the two clinical groups (P ϭ 0.3). Taken together, these statistically robust differences highlight a crucial capacity of the MDR-associated Beijing genotype strains to disseminate.
DISCUSSION

Global view of M. tuberculosis genotypes from TBS patients.
Culture of M. tuberculosis from clinical specimens of spinal TB is admittedly a serious challenge. This situation explains why almost no studies on genetic diversity of spinal TB strains have been published to date. The present Russian study demonstrated a high (75%) prevalence of the Beijing genotype in the studied M. tuberculosis population from TBS patients, which is higher than the 40% to 50% average rate of this genotype across Russia in almost exclusively PTB patients (reviewed in reference 10). A higher rate of TBS than PTB (28% versus 6%) was described in north India (11, 25, 26) and a decreased rate of TBS versus PTB (23% versus 32%) in central Taiwan (8, 27) .
Different variables may influence an increase or a decline of the rate of the Beijing genotype in the TBS versus PTB groups: the total burden of TB as a whole and that caused by the Beijing genotype, strain drug resistance, and/or hypervirulence; host factors such as age and host genetics; and environmental factors. At present, most of them cannot be comprehensively addressed by analysis of the published information. Still, some speculations are tempting. Comparing EPTB and spinal TB subsamples in the settings described above, one may note that the Russian and Indian patients were of young or middle age compared to the older age of the Taiwan patients. Weng et al. (8) suggested that the older age range of their spinal TB group was due to the high life expectancy in Taiwan. Besides, it may be that TB in elderly people reflects reactivation of a long-term infection whereas active spinal TB in young people may be due to active progression of the extrapulmonary disease. This implies a role of different host immune factors. On the other hand, considering pathogen-related factors, a capacity to rapidly acquire drug resistance, i.e., the MDR rate, is one of them. Both this Russian study and a previous Indian study (11) , in spite of differences in their M. tuberculosis population structures, showed a high rate of MDR isolates as well as a higher rate of MDR among Beijing genotype strains. This is in contrast to the isolates in the Taiwan study, which were marked with lower rate of MDR and similar rates of MDR among Beijing and other genotypes (27) . Thus, the relative increase of the Beijing genotype prevalence in the TBS group versus the PTB group among Russians and north Indians may be explained by the similar manifestations of hostand pathogen-related factors and, furthermore, has likely been aggravated by insufficient TB control. Future studies are warranted to test these speculations.
M. tuberculosis genotypes, drug resistance, and clinical issues. Two observations immediately emerge from a closer look at the distribution of drug resistance across large genotype families (Table 1) . First, and not unexpectedly (for Russia), the Beijing genotype is associated with MDR. Second, and intriguingly, the isolates in the Ural family were also found to be mainly MDR. This result is unusual, as the Ural genotype has been considered of low virulence and low transmissibility and was associated with MDR only in some studies across the former Soviet Union (reviewed in reference 28). Genomic studies of the larger and more diverse collections of the Ural family isolates from Eastern Europe and Russia are needed to clarify these findings.
Looking at the large populations of 12-locus MIRU subtypes within the most abundant Beijing family, neither was overwhelmingly prevalent in the studied TBS collection. However, a subsequent in-depth analysis permitted us some interesting insights. In this TB spondylitis study, the Beijing B0/W148 cluster and other Beijing genotypes were found in 30 (28%) and 50 (47%) of all 107 isolates. According to the recent comprehensive review (10), the mean prevalence rate of B0/W148 constitutes 10% to 15% and that of other Beijing strains 35% to 40% in total, mainly, or exclusively pulmonary TB populations across Russia. Thus, the rate of Beijing B0/W148 in the TBS group versus the PTB group shows a 2-fold (100%) increase compared to the 20% increase seen for other Beijing variants.
In analyses of the genetic basis of RIF and INH resistance, our results were mainly confirmatory with regard to pulmonary TB and Beijing studies. Notable prevalences of the rpoB531 and katG315 mutations in Beijing strains that were similarly high in the TBS and the PTB samples show that TBS and PTB Beijing strains follow the same paradigm of acquisition of RIF and INH resistance.
Last but not least, looking closer at the gender distribution, stratification by genotype showed that the Beijing subsample was more biased toward males. Beijing genotype-infected patients included 57 males and 23 females compared to the patients infected with strains of the other genotypes (14 males and 13 females). Even though this difference is not significant (P ϭ 0.1) (odds ratio, 2.30; 95% confidence interval [CI], 0.94 to 5.64), it may suggest a trend of the capacity of the Beijing genotype to cause TB spondylitis in men rather than in women; future studies on this effect are warranted.
In summary, this study demonstrated the impact of the M. tuberculosis Beijing genotype and, first of all, the most prominent role of its B0/W148 Russian clonal group in the development of multidrug-resistant spinal tuberculosis in Russia. Although the hypervirulence of the Beijing genotype is more like a cliché, indeed, some studies demonstrated its increased capacity to cause disseminated and extrapulmonary disease (29, 30) . The present study highlighted a role of the MDR-associated Beijing strains in development of both spinal TB and concomitant spinal and pulmonary TB. One may assume that an association of a genotype with MDR leads to prolonged treatment, giving more time for a strain to disseminate. Indeed, results of this study suggest that this property of the Beijing genotype, and especially of the Beijing B0/W148 variant, is the force driving their very high rate among spinal TB cases in Russia.
Interestingly, an insight into the spinal TB M. tuberculosis pop- ulation offers an additional and less apparent clue for ancient DNA studies. It is known that it is mainly or almost exclusively spinal (and not pulmonary) TB that is revealed in paleopathological specimens (31, 32) . Apparently, these osteopathological cases do not exactly reflect the past population structure of the entire M. tuberculosis population. Thus, understanding the molecular population structure of spinal versus pulmonary TB in extant populations may help us to interpret the spinal TB genotyping data of the past populations more adequately.
